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Lymphoma is the most common hematopoietic malignancy in dogs. Multiple studies have investigated prognostic markers in dogs with lymphoma, and tumor immunophenotype remains one of the most critical factors.[1](#jvim13937-bib-0001){ref-type="ref"}, [2](#jvim13937-bib-0002){ref-type="ref"}, [3](#jvim13937-bib-0003){ref-type="ref"} Canine high‐grade TCL is generally associated with a less favorable prognosis compared to most types of BCL.[1](#jvim13937-bib-0001){ref-type="ref"}, [2](#jvim13937-bib-0002){ref-type="ref"}, [3](#jvim13937-bib-0003){ref-type="ref"} The reason for this difference in behavior is largely unknown; although immunophenotype alone might be insufficient for predicting outcome.[3](#jvim13937-bib-0003){ref-type="ref"}, [4](#jvim13937-bib-0004){ref-type="ref"}, [5](#jvim13937-bib-0005){ref-type="ref"}, [6](#jvim13937-bib-0006){ref-type="ref"}, [7](#jvim13937-bib-0007){ref-type="ref"}, [8](#jvim13937-bib-0008){ref-type="ref"}, [9](#jvim13937-bib-0009){ref-type="ref"}

Bcl‐2, an antiapoptotic molecule of the intrinsic apoptotic pathway, inhibits apoptosis by binding to and subsequently inhibiting proapoptotic molecules such as Bax and Bak.[10](#jvim13937-bib-0010){ref-type="ref"} Dysregulation of this pathway results in imbalances between cell survival, proliferation, and death, which impacts on tumor growth. Therefore, apoptosis serves as a natural barrier to cancer development, especially in tissues with high intrinsic proliferative capacity and cell turnover such as hematopoietic and lymphoid tissue.[11](#jvim13937-bib-0011){ref-type="ref"}, [12](#jvim13937-bib-0012){ref-type="ref"} Also, dysregulation of apoptosis plays an important role in tumor progression and in resistance to cytotoxic treatment.[11](#jvim13937-bib-0011){ref-type="ref"}, [13](#jvim13937-bib-0013){ref-type="ref"}, [14](#jvim13937-bib-0014){ref-type="ref"}

In humans, a distinct translocation of the *Bcl‐2* proto‐oncogene (t(14;18)) causes aberrant Bcl‐2 expression in follicular lymphoma (FL).[15](#jvim13937-bib-0015){ref-type="ref"} This and other translocations, mutations, and amplification of the *Bcl‐2* gene as well as posttranslational mechanisms give rise to increased Bcl‐2 levels in diffuse large BCLs (DLBCL) and in other B‐cell tumors, and increased Bcl‐2 expression also occurs in human peripheral TCL (PTCL).[16](#jvim13937-bib-0016){ref-type="ref"}, [17](#jvim13937-bib-0017){ref-type="ref"}, [18](#jvim13937-bib-0018){ref-type="ref"}, [19](#jvim13937-bib-0019){ref-type="ref"}, [20](#jvim13937-bib-0020){ref-type="ref"}, [21](#jvim13937-bib-0021){ref-type="ref"}, [22](#jvim13937-bib-0022){ref-type="ref"} In both, Bcl‐2 overexpression, alone or in conjunction with other apoptotic proteins, was associated with worse clinical outcome.[18](#jvim13937-bib-0018){ref-type="ref"}, [19](#jvim13937-bib-0019){ref-type="ref"}, [20](#jvim13937-bib-0020){ref-type="ref"}, [21](#jvim13937-bib-0021){ref-type="ref"} Likewise, loss of function mutations in *Bax*, one of the key target genes of the tumor suppressor gene p53, have been identified in human lymphoblastic leukemia and lymphoma, and overexpression of Bax in human DLBCL and PTCL was associated with longer survival.[18](#jvim13937-bib-0018){ref-type="ref"}, [21](#jvim13937-bib-0021){ref-type="ref"}, [23](#jvim13937-bib-0023){ref-type="ref"}, [24](#jvim13937-bib-0024){ref-type="ref"}

In the aforementioned human studies, overexpression was primarily determined by immunohistochemistry of individual proteins. However, it is not only the relative amount of any involved molecule but more importantly the ratio of pro‐ to antiapoptotic proteins is determining sensitivity to apoptotic stimuli.[13](#jvim13937-bib-0013){ref-type="ref"}, [14](#jvim13937-bib-0014){ref-type="ref"}, [25](#jvim13937-bib-0025){ref-type="ref"}, [26](#jvim13937-bib-0026){ref-type="ref"} More precisely, the ratio of Bcl‐2 to Bax regulates apoptosis.[25](#jvim13937-bib-0025){ref-type="ref"} In humans, elevated Bcl‐2/Bax ratio, determined by protein microarray analysis, was associated with shorter survival in FL,[27](#jvim13937-bib-0027){ref-type="ref"} while Bax/Bcl‐2 ratio, measured by flow cytometry (FC), correlated with high‐risk cytogenetics, chemoresistance, and poor clinical outcome in acute myeloid leukemia and chronic lymphocytic leukemia.[26](#jvim13937-bib-0026){ref-type="ref"}, [28](#jvim13937-bib-0028){ref-type="ref"}

There are only few reports describing the expression of apoptotic molecules in canine tumors.[29](#jvim13937-bib-0029){ref-type="ref"}, [30](#jvim13937-bib-0030){ref-type="ref"}, [31](#jvim13937-bib-0031){ref-type="ref"}, [32](#jvim13937-bib-0032){ref-type="ref"}, [33](#jvim13937-bib-0033){ref-type="ref"} One study demonstrated higher expression of the proapopoptic molecule Bad in canine BCL compared to nonneoplastic lymphoid tissue,[33](#jvim13937-bib-0033){ref-type="ref"} but to the authors\' knowledge, the relationship of pro‐ and antiapoptotic molecules in dogs with lymphoma has not been reported.

Flow cytometry (FC) is commonly used to identify lymphoma immunophenotype.[8](#jvim13937-bib-0008){ref-type="ref"}, [9](#jvim13937-bib-0009){ref-type="ref"}, [34](#jvim13937-bib-0034){ref-type="ref"}, [35](#jvim13937-bib-0035){ref-type="ref"}, [36](#jvim13937-bib-0036){ref-type="ref"} In addition, FC can also provide additional prognostic information for BCL and TCL, respectively.[8](#jvim13937-bib-0008){ref-type="ref"}, [9](#jvim13937-bib-0009){ref-type="ref"}, [36](#jvim13937-bib-0036){ref-type="ref"} The aim of this study was to prospectively evaluate Bcl‐2 and Bax expression in neoplastic lymphocytes from dogs with previously diagnosed, untreated multicentric lymphoma. We hypothesized that (1) Bcl‐2/Bax expression patterns differs between B‐cell and T‐cell immunophenotypes, and that, (2) Bcl‐2/Bax ratio can predict outcome in a subset of dogs receiving identical treatment.

Materials and Methods {#jvim13937-sec-0008}
=====================

Patient Selection {#jvim13937-sec-0009}
-----------------

The LN aspirate samples and demographic data were prospectively acquired from client‐owned dogs diagnosed with multicentric lymphoma. Samples were submitted to North Carolina State University (NCSU) College of Veterinary Medicine Clinical Immunology Laboratory for immunophenotyping of lymphoma from referring veterinarians and from NCSU Veterinary Hospital (VH) Oncology Service. All dogs had cytologic or histologic confirmation of lymphoma. Dogs with multicentric lymphoma of any clinical stage and which received no prior treatment including glucocorticoids were included. Signalment, date of lymphoma diagnosis, stage, and substage of lymphoma (determined based on physical exam, CBC, biochemistry, urinalysis, abdominal ultrasound, and 3‐view thoracic radiographs), date of sample collection, and age of sample at analysis were entered into a searchable database using information provided by the submitting veterinarian and by the NC State VH electronic database. For NCSU VH Oncology patients, additional information included date of first treatment, type of treatment, response to treatment, date of disease progression, and date of death.

Bcl‐2 and Bax Expression {#jvim13937-sec-0010}
------------------------

For 5 lymphoma patients, 3 methods were used to determine Bcl‐2 and Bax in peripheral LN aspirate samples. These included Bcl‐2 and Bax protein expression determined by FC and Western blot (WB), and *Bcl‐2* and *Bax* mRNA levels determined by quantitative RT (qRT)‐PCR. For each dog, the same cell populations were used for all 3 methods and divided into 3 aliquots. The results of different methods were compared to determine the most efficient and reliable method of Bcl‐2 and Bax quantitation.

### Flow Cytometry {#jvim13937-sec-0011}

Cells from peripheral LN aspirates submitted in sterile tubes without additives in RPMI 1640 cell culture medium[1](#jvim13937-note-1003){ref-type="fn"} or isotonic saline supplemented with 5--10% patient serum were suspended in 5 mL RPMI 1640/10% FBS[1](#jvim13937-note-1003){ref-type="fn"}, refrigerated, and analyzed by FC within 48 hours of sample submission. Samples were washed with PBS[1](#jvim13937-note-1003){ref-type="fn"}, spun for 10 minutes at 500 x *g*, and the supernatant was discarded. The pellet was resuspended in PBS and cells were stained with monoclonal antibodies that react with canine Bcl‐2[2](#jvim13937-note-1004){ref-type="fn"} and Bax,[3](#jvim13937-note-1005){ref-type="fn"} respectively, and treated with permeabilization reagents[4](#jvim13937-note-1006){ref-type="fn"} following the manufacturer\'s instructions. The combination of antibodies in each tube was as follows: anti‐Bcl‐2 (duplicate), anti‐Bax (duplicate), secondary fluorescein isothiocyanate (FITC)‐conjugated antibody,[5](#jvim13937-note-1007){ref-type="fn"} and a "cells only" control. Following incubation, data were acquired on a FACSCalibur analyzer,[6](#jvim13937-note-1008){ref-type="fn"} with a minimum of 15,000 events collected and analyzed using BD CellQuest software[6](#jvim13937-note-1008){ref-type="fn"}. The Bcl‐2/Bax ratios were determined by dividing the relative mean fluorescence intensity (MFI) of Bcl‐2 staining by the relative MFI of Bax staining (Fig [1](#jvim13937-fig-0001){ref-type="fig"}). Relative MFI was determined by dividing the MFI of the staining with the monoclonal antibody by the MFI of the secondary antibody[5](#jvim13937-note-1007){ref-type="fn"} alone. Staining for Bcl‐2 and Bax was performed in duplicate, and final Bcl‐2/Bax ratio was determined by the mean of both data.

![Representative flow cytometric histograms of Bcl‐2 and Bax expression. Lymph node aspirate from a dog with multicentric lymphoma. Cases were analyzed after exposure to anti‐bcl‐2 (clone7/Bcl‐2), anti‐bax (clone 3/Bax), and a FITC‐conjugated secondary antibody (fragment of rabbit antimouse immunoglobulin), in conjunction with immunophenotyping of lymphoma (*not shown here*). Lymphocytes were gated based on forward versus side light scatter characteristics (*not shown*). Total cell count is depicted on the *y*‐axis. Secondary antibody alone (*solid white*), Bcl‐2 (*solid gray*), and bax (*solid black*) histograms show the distribution of fluorescence intensity (*x*‐axis), reported as arithmetic means. Bcl‐2/Bax ratio was determined by dividing the relative mean fluorescence intensity (MFI) of Bcl‐2 staining by the relative MFI of Bax staining. Relative MFI was determined by dividing the MFI of Bcl‐2 staining and Bax staining by the MFI of the secondary antibody alone. FITC: fluorescein isothiocyanate.](JVIM-30-819-g001){#jvim13937-fig-0001}

### Western blot Analysis {#jvim13937-sec-0012}

Total protein was isolated using standard techniques and quantitated. Briefly, equivalent amounts of buffered protein samples were electrophoresed in SDS‐PAGE gels and electroblotted (Invitrogen X Cell Gel Box and X cell Blotting Module) onto PVDF membranes (Millipore Immobilon Transfer Membranes). The transfer membrane was blocked (5% milk in TTBS), incubated with primary antibody (anti‐Bcl2[2](#jvim13937-note-1004){ref-type="fn"}, anti‐Bax[3](#jvim13937-note-1005){ref-type="fn"}), washed (TTBS), incubated with secondary IgG:HRP antibody,[7](#jvim13937-note-1009){ref-type="fn"} and washed (TTBS). Antibodies were diluted in 1% bovine serum albumin in TTBS. For protein blot visualization, the membrane was incubated with chemiluminescent substrate (Millipore Immobilon Western Chemiluminescent HRP Substrate). Signal strength densitometry was performed for Bcl‐2 and Bax protein quantification using standard techniques with normalization to the β‐actin signal strength.

### Quantitative RT‐PCR {#jvim13937-sec-0013}

Quantitative RT‐PCT was performed essentially as previously descrived.[37](#jvim13937-bib-0037){ref-type="ref"} Briefly, primers for *Bcl‐2* (forward 5′‐ATCCAGGACAACGGAGGCTG‐3′, reverse 5′‐CAGATAGGCACCCAGGGTGA‐3′) and *Bax* (forward 5′‐GATCGAGCAGGGCGAATG‐3′, reverse 5′‐CATCTCAGCTGCCACTCG‐3′) were designed (PrimerSelect, DNASTAR) based on the published canine *Bcl‐2* and *Bax* sequences, with reaction efficiencies ranging from 90 to 105%. Total RNA was isolated from \>10^6^ cells per dog (RNeasy Plus Mini Kit, Qiagen, Valencia, CA, USA). About 500 ng of RNA was reverse transcribed using Oligo(dT) primers according to the manufacturer\'s instructions (Reverse Transcription System, Promega, Madison, WI, USA). Products were assessed in duplicate for the *Bcl‐2* or *Bax* mRNA in separate reactions (Quantitec RT‐PCR Kit, Qiagen), using a Bio‐Rad icycle quantitative PCR thermocycler. Relative expression was calculated using the 2^−ΔΔCT^ method with GAPDH as the control gene.[38](#jvim13937-bib-0038){ref-type="ref"}

Flow Cytometry for Immunophenotyping and Bcl‐2 and Bax Expression {#jvim13937-sec-0014}
-----------------------------------------------------------------

Immunophenotype and Bcl‐2/Bax ratio was determined by FC from peripheral LN aspirates obtained from all study dogs with lymphoma. Data from LN aspirates from 5 healthy research dogs collected at the time of euthanasia were obtained as controls. Preanalytical processing of cells was identical as described above. Cells were stained with a panel of antibodies (anti‐CD45,[8](#jvim13937-note-1010){ref-type="fn"} anti‐CD3,[9](#jvim13937-note-1011){ref-type="fn"} anti‐CD21,[10](#jvim13937-note-1012){ref-type="fn"} anti‐CD4,[11](#jvim13937-note-1013){ref-type="fn"} anti‐CD8,[12](#jvim13937-note-1014){ref-type="fn"} anti‐B5 antigen,[13](#jvim13937-note-1015){ref-type="fn"} mouse IgG1[14](#jvim13937-note-1016){ref-type="fn"} ) after counting. The combination of antibodies in each tube for surface immunophenotypic LN analysis was as follows: CD4/CD8/CD45, CD21/CD3/CD45, CD4/CD3/CD45, CD8/CD3/CD45, B5/CD45, CD14/CD45, secondary antibody/CD45, isotype control antibodies, and a "cells only" control. For intracellular staining (anti‐CD3 antibody, clone: CD3‐12h; anti‐CD79b, clone: AT107‐2h), cells were treated with permeabilization reagents[4](#jvim13937-note-1006){ref-type="fn"} following the manufacturer\'s instructions. Antibodies were directly conjugated to FITC, phycoerythrin (PE), or allophycocyanin (APC). Clinical samples from animals with confirmed lymphoma were stained with propidium iodide (PI) to assess the average percentage of dead cells in clinical samples, which was approximately 20%. Data were acquired on a FACSCalibur analyzer, FACSCalibur System[6](#jvim13937-note-1008){ref-type="fn"}; 15,000 events were acquired and stored for analysis using BD CellQuest software[6](#jvim13937-note-1008){ref-type="fn"}. Cells were gated using forward versus side light scatter to identify lymphocytes, monocytes, and neutrophils, with side scatter versus CD45 staining to confirm these populations. Lymphocyte gating was used to evaluate the surface and intracellular markers described above for immunophenotyping (B‐cell or T‐cell). Reference values were used as previously reported.[29](#jvim13937-bib-0029){ref-type="ref"} Samples that displayed ambiguous staining patterns not definitively consistent with B cell or T cell, and dual immunophenotype were excluded. Bcl‐2 and Bax staining and analysis was similar as described above.

Time Course Study {#jvim13937-sec-0015}
-----------------

Cells from 3 canine B‐cell lines (GL‐1, 17‐71, CLBL‐1) and 2 canine T‐cell lines (CL‐1, OSW), and 1 human BCL cell line (Ramos) were grown and kept in cell culture media (RPMI 1640/10% FBS with 1% L‐glutamine and 0.2% primocin) in a 37°C incubator until a concentration of approximately 1 × 10^6^/mL was reached. Six mL of the cell line suspension was transferred from the cell culture flask to a sterile tube without additives and analyzed by FC for intracellular Bcl‐2[2](#jvim13937-note-1004){ref-type="fn"} and Bax[3](#jvim13937-note-1005){ref-type="fn"} staining as described above after being stored in the refrigerator at 4°C. The same cell populations were used throughout the time course study period and aliquots were analyzed at the following time points: immediately after obtaining cells (d0), 24 hours (d1), 48 hours (d2), 72 hours (d3), 96 hours (d4), and 120 hours (d5) following collection. Data were acquired on a LSR II Flow Cytometer (BD Biosciences) with BD FACSDiva software; with a minimum of 20,000 events collected and analyzed using BD CellQuest software[6](#jvim13937-note-1008){ref-type="fn"}. Analyses were done in duplicate for both Bcl‐2 and Bax.

Outcome Analysis {#jvim13937-sec-0016}
----------------

In a subset of lymphoma study dogs treated at NCSU VH Oncology Service, progression‐free survival (PFS) was calculated retrospectively from the time of treatment initiation until progressive disease or death of any cause. Staging was similar as for the other dogs included in the study and consisted of physical examination including caliper measurements of enlarged peripheral LNs, CBC, chemistry panel, urinalysis, thoracic radiographs, and abdominal ultrasound. In addition, pathologist blood smear review and bone marrow aspiration cytology was performed based on clinician\'s discretion if blood or bone marrow involvement was suspected (eg, circulating blasts, peripheral cytopenias). Response was evaluated by repeat measurements of clinical detectable disease at each visit and always included caliper measurement of peripheral LNs and a CBC, thoracic and abdominal imaging if internal organs were involved at baseline, and a biochemistry panel including total calcium if hypercalcemia or other abnormalities were present at diagnosis or during the course of treatment. Initial staging was repeated after the full course of treatment. Follow‐up visits were scheduled once a month at either the referring veterinarian or at NCSU, and included at least, depending on clinical presentation and clinician\'s discretion, a physical examination with evaluation of peripheral LNs. Disease progression was defined as an at least 20% increase in size of all measurable tumors or the appearance of new lesions and confirmed by cytology or histopathology. All dogs were treated with a 12‐week multiagent protocol (L‐asparaginase, cyclophosphamide, doxorubicin, vincristine, prednisone) followed by cranial and caudal half‐body irradiation (4 Gy on 2 consecutive days, 3 weeks apart).

Statistical Analysis {#jvim13937-sec-0017}
--------------------

Bcl‐2/Bax ratio determined by protein expression (FC, WB), and by mRNA levels (qRT‐PCR) were compared by one‐way analysis of variance (ANOVA). Bcl‐2/Bax ratios between normal LN samples and lymphoma LN samples were compared using a paired two‐sample *t*‐test. Normal distribution was assessed visually in a graph. Correlation of other patients\' variables with Bcl‐2/Bax ratio were not assessed. Longitudinal analysis with repeated‐measures ANOVA was used to compare Bcl‐2/Bax ratio over time in lymphoma cell lines kept at 4°C from d0 to d5, and also to compare Bcl‐2/Bax between BCL and TCL cell lines from d0 to d5 or within each day.

Kaplan--Meier plot was used to evaluate PFS, and log rank analysis was used to assess differences in outcome according to a set threshold of Bcl‐2/Bax. Dogs were censored from analysis if progression had not occurred and if they were lost to follow‐up at time of analysis. A statistical power analysis was run to estimate the number of patients needed to allow determination a cutoff point for Bcl‐2/Bax ratio which subsequently could be used as a candidate prognostic marker. Statistical analyses were performed using SAS 9.4 software and *P* values \< .05 were considered significant. All statistical analyses were performed in consultation with NCSU statistical consulting group (Dr E. Griffith).

Results {#jvim13937-sec-0018}
=======

Comparison of Methods and Time Course Study {#jvim13937-sec-0019}
-------------------------------------------

In a subset of 5 dogs (all diagnosed with multicentric BCL), there was no difference in Bcl‐2/Bax ratios determined by FC, WB and qRT‐PCR (*P* = .30) (Fig [2](#jvim13937-fig-0002){ref-type="fig"}).

![Flow cytometry is a rapid, reliable method for measuring Bcl‐2/Bax ratios. Bcl‐2 and Bax expression determined for 5 patients was not different (*P* = .30) by flow cytometry (mean ± standard deviation, 0.7 ± 0.27), quantitative RT‐PCR (QRT‐PCR) (2.35 ± 2.85), and Western blot (1.05 ± 0.61), but flow cytometry offers a rapid measurement and revealed less deviation of results. Solid line represents the mean.](JVIM-30-819-g002){#jvim13937-fig-0002}

Given that FC is a readily clinical applicable method, it was subsequently used for the remainder study patients.

The NCSU College of Veterinary Medicine Clinical Immunology Laboratory analyzes lymphoma samples from in‐house patients and from referring veterinarians. In‐house samples are usually analyzed within 24 hours of sample collection. Samples from referring veterinarians are shipped on ice packs overnight and analyzed within 24--48 hours of sample collection. However, samples are sometimes shipped over the weekend or a holiday, which may extend the period until analysis. In order to analyze the effect of transport and storage time on Bcl‐2/Bax ratios, a time course study on lymphoma cell lines was conducted and revealed that Bcl‐2/Bax ratios remained consistent for 5 days when stored at 4°C (Fig [3](#jvim13937-fig-0003){ref-type="fig"}). There were also no differences between BCL and TCL cell lines over time (d0--d5) and within each day, respectively (adjusted univariate *P* value for H‐F correction factor = 0.1882). Based on these results we included samples from our patient population up to 5 days following collection in our Bcl‐2/Bax analysis.

![Bcl‐2/Bax ratios remain consistent after 5 days of refrigeration. Time course study evaluating Bcl‐2/Bax expression measured by flow cytometry in duplicates immediately following collection (d0) and on 5 consecutive days using 6 different lymphoma cell lines stored at 4°C. The mean Bcl‐2/Bax ratio (solid line within the box) remained between 0.7 and 1.0 for all 6 measurements, and univariate approach to within‐subject repeated‐measures analysis of variance (ANOVA) revealed no significant change in the Bcl‐2/Bax between days (adjusted univariate *P* value for Huynh‐Feldt Epsilon (H‐F) correction factor = 0.9509). d: day.](JVIM-30-819-g003){#jvim13937-fig-0003}

Dog Demographics and Lymphoma Immunophenotype {#jvim13937-sec-0020}
---------------------------------------------

Fifty‐five dogs with multicentric lymphoma were recruited. Eighteen cases were submitted by the NCSU VH Oncology Service, and 37 cases were submitted by referring veterinarians. Patient demographics were not reported for all animals in the study. Median age at diagnosis was 9.0 years (n = 27, range 2.3--15.0 years). Fourteen dogs were neutered female, and 15 cases were male (1 intact, 14 neutered). Golden and Labrador Retriever dogs were the most frequently represented breed (each n = 5/29; 17%), followed by mixed breed dogs (n = 3/29; 10%), German Shepherd dogs (n = 2/29; 7%), West Highland White Terriers (n = 2/29; 7%), Shi Tzu (n = 2/29; 7%), and there was one each (3.5%) Welsh Pembroke Corgi, Malinois, Basset Hound, German Shorthair Pointer, Schnauzer, Shar‐Pei, Mastiff, Boxer, Pomerian, and Basenj. Three of 17 dogs (18%) presented in stage 3, 7/17 dogs (41%) presented in stage 4, and 7/17 (41%) presented in stage 5 multicentric lymphoma. Five dogs (29%) had substage a, and 12 dogs (71%) had substage b. Flow cytometry analysis was performed within 48 hours after collection in 41/55 cases, on day 3 in 9/55, on day 4 in 3/55, and on day 5 in 2/55 following sample collection. Immunophenotyping by FC revealed 42 (76%) cases with BCL and 13 (24%) dogs with TCL, respectively. Among the 13 dogs with TCL, there were 3 dogs with CD3+/CD45+ TCL, 3 dogs with CD3‐positive TCL identified by intracellular staining only, 3 dogs with CD3+/CD4+/CD45+ TCL, 2 dogs with CD3+/CD4+/CD45‐ TCL with CD21‐coexpression (T‐zone lymphoma)[8](#jvim13937-bib-0008){ref-type="ref"}, [36](#jvim13937-bib-0036){ref-type="ref"}, and 1 dog each with CD3+/CD4+/CD8+/CD45+ and CD3+/CD8+/CD45+ TCL.

Bcl‐2/Bax Ratio by FC in Normal Dogs and Dogs with Multicentric Lymphoma {#jvim13937-sec-0021}
------------------------------------------------------------------------

We first asked if Bcl‐2/Bax ratios differed between healthy dogs and dogs with lymphoma. There was no statistically significant difference in Bcl‐2/Bax ratios between normal dogs (median 0.36, range 0.21--0.48) and all dogs with lymphoma (median 0.45, range 0.07--1.45) (*P* = .43) (Fig [4](#jvim13937-fig-0004){ref-type="fig"}). There was no statistically significant difference in Bcl‐2/Bax ratio between normal dogs and dogs with BCL (median 0.36, range 0.07--1.45) (*P* = .85). However, there was a statistically significant difference in the Bcl‐2/Bax ratio between normal dogs and dogs with TCL (median 0.97, range 0.37--1.36) (*P* = .0006) and between BCL (median 0.36, range 0.07--1.45) and TCL (median 0.97, range 0.37‐‐1.36) dogs (*P* \< .0001), respectively (Fig [4](#jvim13937-fig-0004){ref-type="fig"}).

![T‐cell lymphoma exhibits the highest Bcl‐2/Bax ratio. Bcl‐2/Bax ratio determined by flow cytometry from lymph node aspirates from dogs with multicentric lymphoma compared to healthy dogs. Paired two‐sample *t*‐test analyses revealed no difference of Bcl‐2/Bax ratios between healthy dogs and all dogs with lymphoma (*P* = .43) and between healthy dogs and dogs with B‐cell lymphoma (BCL) (*P* = .85). Bcl‐2/Bax ratio was significantly different between healthy dogs and dogs with T‐cell lymphoma (TCL) (*P* = .0006) and between BCL and TCL (*P* \< .0001). BCL: dogs with B‐cell lymphoma. TCL: dogs with T‐cell lymphoma. n: number of dogs. NS: not significant. \* indicates *P* \< .05.](JVIM-30-819-g004){#jvim13937-fig-0004}

Effect of Bcl‐2/Bax Ratio on Outcome {#jvim13937-sec-0022}
------------------------------------

Finally we asked if Bcl‐2/Bax ratio was associated with PFS. Unfortunately only 12 of 55 dogs had the same treatment regimen and available outcome data. All 12 dogs were clinically staged and treated at the same institution (NCSU VH Oncology Service). Median age of this group of dogs at diagnosis was 8.2 years (range 4.9--14.5 years). Six dogs were neutered female, and 6 dogs were male (1 intact, 5 neutered). There were 3 Labrador Retrievers, 2 Golden Retrievers, and 1 dog each of the following breeds: Basset Hound, German Shorthair Pointer, German Shepherd Dog, Pomeranian, and Miniature Schnauzer. Two of 12 dogs presented in stage 3a, 2/12 in stage 4a, 4/12 in stage 4b, and 4/12 dogs in stage 5b. Nine dogs had BCL and 3 dogs had TCL, respectively. Among the dogs with TCL, there were 2 dogs with CD3+/CD4+/CD45+ and 1 dog with CD3+/CD8+/CD45+ TCL. All 12 dogs received a multiagent chemotherapy protocol followed by half‐body radiation treatment, and median PFS for these dogs was 130 days (range, 20--322 days). None of the dogs were censored from analysis. Using the median Bcl‐2/Bax ratio (0.60, range 0.26--0.91) as a cutoff value as previously described,[27](#jvim13937-bib-0027){ref-type="ref"}, [28](#jvim13937-bib-0028){ref-type="ref"} dogs with higher ratios had a median PFS of 101 days (4 dogs with BCL, 2 dogs with TCL), while dogs with equal and lower ratios had median PFS of 130 days (5 dogs with BCL, 1 dog with TCL) (*P* = .194) (Fig [5](#jvim13937-fig-0005){ref-type="fig"}).

![Kaplan--Meier curve depicting progression‐free survival (PFS) of dogs with multicentric lymphoma with identical treatment. PFS was discriminated based upon this group\'s median Bcl‐2/Bax ratio (0.6, range 0.26--0.91). Dogs with higher ratios (*dotted line*) had a median PFS of 101 days (4 dogs with BCL, 2 dogs with TCL). Dog with equal and lower ratios (solid line) had median PFS of 130 days (5 dogs with BCL, 1 dog with TCL) (*P* = .194).](JVIM-30-819-g005){#jvim13937-fig-0005}

Discussion {#jvim13937-sec-0023}
==========

In our study we determined the ratio of antiapoptotic Bcl‐2 to proapoptotic Bax in neoplastic and normal lymphocytes. To the authors\' knowledge there is no established gold standard to determine expression of these markers. Immunohistochemistry is commonly used in human lymphoid malignancies, largely because it can be performed on formalin‐fixed, paraffin‐embedded tissue, which is readily available for routine lymphoma diagnosis in humans.[16](#jvim13937-bib-0016){ref-type="ref"}, [18](#jvim13937-bib-0018){ref-type="ref"}, [19](#jvim13937-bib-0019){ref-type="ref"}, [20](#jvim13937-bib-0020){ref-type="ref"}, [21](#jvim13937-bib-0021){ref-type="ref"}, [22](#jvim13937-bib-0022){ref-type="ref"} Histopathology is considered the gold standard for characterization of lymphoma in dogs, but is more commonly reserved for cases where cytology is inconclusive. Recent studies have demonstrated that FC of LN aspirates can provide correlates with histopathology, such as determination of immunophenotype and expression of antigens associated with prognosis in subtypes of canine BCL and TCL.[8](#jvim13937-bib-0008){ref-type="ref"}, [9](#jvim13937-bib-0009){ref-type="ref"}, [35](#jvim13937-bib-0035){ref-type="ref"}, [36](#jvim13937-bib-0036){ref-type="ref"} For example, low levels of MHC II expression were predictive of poor outcome in dogs with BCL.[9](#jvim13937-bib-0009){ref-type="ref"} Although no difference in Bcl‐2/Bax quantitation by FC, qRT‐PCR and WB analysis could be demonstrated in our study, results in Fig [2](#jvim13937-fig-0002){ref-type="fig"} demonstrate that FC revealed more consistency in Bcl‐2/Bax levels. In addition, upregulation of Bcl‐2 in human B‐cell tumors does not only occur by different genomic alterations of the *Bcl‐2* gene but also by altered regulation by microRNAs and by diminished ubiquitin‐mediated Bcl‐2 turnover.[16](#jvim13937-bib-0016){ref-type="ref"}, [17](#jvim13937-bib-0017){ref-type="ref"}, [39](#jvim13937-bib-0039){ref-type="ref"} Therefore, a protein‐based assay appears more adequate than an mRNA‐based assay. Finally, FC is a practical, quantitative, easily applicable, and cost‐effective method in a clinical setting, and Bcl‐2/Bax is likely a useful adjunct to the standard immunophenotyping panel.

Guidelines suggest that FC should be performed on clinical specimens within 48 hours following collection.[34](#jvim13937-bib-0034){ref-type="ref"} In reality, shipment and delivery can occasionally extend this period for specimens shipped long distances or delayed in transport. Our time course study showed that there was no significant difference in Bcl‐2 and Bax expression among different lymphoma cell lines over the observed period of up to 5 days when stored under similar conditions. Based upon these findings, we included specimens up to 5 days post collection. These results also suggest Bcl‐2/Bax ratios may be useful for clinical specimens in which immunophenotype is inconclusive because of the age of the specimen as a higher Bcl‐2/Bax ratio in a sample with ambiguous or lack of antigen expression will more likely suggest T‐cell origin.

Dogs with multicentric lymphoma in our study had similar clinical characteristics, lymphoma stage, substage, and immunophenotype at presentation as previously reported.[1](#jvim13937-bib-0001){ref-type="ref"} As described in Fig [4](#jvim13937-fig-0004){ref-type="fig"}, the most striking finding was the difference in Bcl‐2/Bax ratios between BCL and TCL. Although other markers of apoptosis were not assessed in this study, this altered pro‐ to antiapoptotic ratio suggests that neoplastic T cells exhibit a higher intrinsic resistance to apoptosis compared to BCL and normal lymphocytes. Although the numbers of dogs evaluated are somewhat small, especially for the TCL group, it does reflect the general distribution of clinically observed B‐cell and T‐cell tumors.[1](#jvim13937-bib-0001){ref-type="ref"}, [3](#jvim13937-bib-0003){ref-type="ref"} Importantly, our results are supported by findings of other studies in multiple species. High levels of Bcl‐2 expression were also demonstrated in cats with TCL when compared to B‐cell immunophenotype,[40](#jvim13937-bib-0040){ref-type="ref"} and it was shown in dogs that neoplastic T cells have a greater than 300% increase in microRNAs associated with increased expression of the antiapoptotic oncogene oncomir‐1.[41](#jvim13937-bib-0041){ref-type="ref"} A recent abstract suggested that apoptotic activity in canine small‐ and intermediate‐sized lymphoma types correlated with tumor cell lineage. Dogs with TCL had much lower apoptotic activity (13%) based on Annexin‐V positive staining by FC, compared to dogs with BCL (56%).[42](#jvim13937-bib-0042){ref-type="ref"} In dogs with multicentric lymphoma, *Bcl‐2* mRNA expression was not correlated with resistance to chemotherapeutic agents at relapse, but protein levels were not evaluated in this study.[32](#jvim13937-bib-0032){ref-type="ref"} In contrast, in mice, introduction of bcl‐2 into the normally vulnerable, cortical thymic T cells protected the cells from apoptotic stimuli including glucocorticoids, radiation and anti‐CD3 treatment.[10](#jvim13937-bib-0010){ref-type="ref"}, [25](#jvim13937-bib-0025){ref-type="ref"} In human PTCLs, apoptotic rate correlated inversely with Bcl‐2 expression and it was concluded that expression of Bcl‐2 and other Bcl‐2 family proteins may explain the poor response of many PTCL types to chemotherapy,[22](#jvim13937-bib-0022){ref-type="ref"} while the presence of Bax correlated with longer survival.[21](#jvim13937-bib-0021){ref-type="ref"} Altogether, it is likely that the higher Bcl‐2/Bax ratio contributes to a higher resistance to cytotoxic treatment, earlier relapse, and a more aggressive clinical behavior in canine TCL.[1](#jvim13937-bib-0001){ref-type="ref"}, [2](#jvim13937-bib-0002){ref-type="ref"}, [3](#jvim13937-bib-0003){ref-type="ref"}, [14](#jvim13937-bib-0014){ref-type="ref"}

In our study 12 dogs were available for follow‐up (Fig [5](#jvim13937-fig-0005){ref-type="fig"}). Dogs with higher Bcl‐2/Bax ratios experienced shorter PFS (101 days) than dogs with low ratios (130 days). This difference was not statistically significant, likely related to the small sample size. Interestingly, results of another study targeting Bcl‐2 by scintigraphy in dogs with BCL suggested that the amount and intensity of radiolabeled conjugate uptake in neoplastic lymph nodes was negatively correlated with outcome.[31](#jvim13937-bib-0031){ref-type="ref"} In humans, elevated Bcl‐2/Bax ratio was associated with early death from disease in FL,[27](#jvim13937-bib-0027){ref-type="ref"} and lower Bax/Bcl‐2 ratio was an independent prognostic indicator in AML and CLL.[26](#jvim13937-bib-0026){ref-type="ref"}, [28](#jvim13937-bib-0028){ref-type="ref"} Follicular lymphoma is rare in dogs, but Bcl‐2 overexpression by various mechanisms including t(14;18) also occurs in DLBCLs and other B‐cell tumors in humans, and was negatively associated with outcome.[15](#jvim13937-bib-0015){ref-type="ref"}, [16](#jvim13937-bib-0016){ref-type="ref"}, [17](#jvim13937-bib-0017){ref-type="ref"}, [18](#jvim13937-bib-0018){ref-type="ref"}, [19](#jvim13937-bib-0019){ref-type="ref"}, [27](#jvim13937-bib-0027){ref-type="ref"}, [39](#jvim13937-bib-0039){ref-type="ref"} DLBCL is the most common lymphoma subtype in the dog, and not only shares morphological but also molecular similarities with human DLBCL variants,[3](#jvim13937-bib-0003){ref-type="ref"}, [6](#jvim13937-bib-0006){ref-type="ref"} but if similar mechanisms in regard to Bcl‐2 play a role in dogs with lymphoma still needs further investigation.[43](#jvim13937-bib-0043){ref-type="ref"} Collectively, these findings support that Bcl‐2/Bax ratio might be a useful prognostic marker for dogs with lymphoma. However, based on the relatively low numbers of dogs available for outcome analysis, this conclusion is considered preliminary. If Bcl‐2/Bax ratio could aid in the identification of risk groups needs to be evaluated prospectively in a larger numbers of dogs with lymphoma. It is also noteworthy that a selective Bcl‐2 inhibitor (ABT‐199) is currently under investigation in phase I, II, and III trials in humans with various B‐cell neoplasms, solid tumors, and AML, with promising results especially in relapsing and refractory lymphoid tumors.[39](#jvim13937-bib-0039){ref-type="ref"}

This study has several limitations. Based upon the results of the small sample size in Fig [5](#jvim13937-fig-0005){ref-type="fig"}, a larger number of patients is needed for outcome assessment. Also, complete signalment information and clinical stage of lymphoma was not available for all send‐in cases submitted for flow cytometry. Furthermore, other proteins of the Bcl‐2 family and additional upstream and downstream molecules of apoptosis, such as p53 and cytochrome c, were not assessed in this study. However, we decided to focus on the relationship of 2 main pro‐ and antiapoptotic proteins, rather than to look at absolute levels of any additional up‐ and downstream molecules. Several previous human publications postulated that the prognostic discrimination offered by the ratio of Bcl‐2 and Bax is greater than the protein levels alone.[13](#jvim13937-bib-0013){ref-type="ref"}, [14](#jvim13937-bib-0014){ref-type="ref"}, [25](#jvim13937-bib-0025){ref-type="ref"}, [26](#jvim13937-bib-0026){ref-type="ref"}, [28](#jvim13937-bib-0028){ref-type="ref"} In addition, other markers of apoptosis, such as immunolabeling for active caspases or TUNEL assay may also have provided additional information. It would have also been interesting to correlate Bcl‐2/Bax with different lymphoma WHO subtypes in dogs. Unfortunately, lymph node histopathology is not routinely performed as part of the diagnostic workup for most dogs with lymphoma.

In conclusion, we demonstrated that flow cytometry was a reliable method to measure Bcl‐2 and Bax protein, and that dogs with multicentric TCL had statistically significantly higher Bcl‐2/Bax ratios in peripheral lymph node aspirates compared to normal dogs and dogs with BCL. We hypothesize that this difference likely reflects higher intrinsic resistance to apoptotic stimuli of canine TCL, and therefore contributes to the less favorable prognosis following initiation of cytotoxic treatment compared to BCL. As such, we suggest that Bcl‐2/Bax ratios may provide additional important prognostic information for dogs with lymphoid neoplasia in addition to immunophenotype alone. Moreover, we found that Bcl‐2/Bax ratios remain consistent for at least 5 days following sample collection, making its use as a clinically relevant test feasible. A larger clinical study is needed to investigate the correlation of Bcl‐2/Bax with outcome for dogs with BCL and TCL.
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